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Effects of drought stress and nitrogen application on anatomical structure and

hydraulic traits of apple leaves

Liu Siyu'  Shi Shuyue’ Xue Hao'' Lyu Yingzhong’® Huang Junbao’ Zhang Yongbing’ Dai Yongxin' Wang Lin'
(1. College of Forestry, Shanxi Agricultural University, Jinzhong 030800, China; 2. Hebei Agricultural University, baoding 071000, China;
3. Institute of Pomology, Shanxi Agricultural University, Jinzhong 030800, China )

Abstract: The mechanisms by which water, nitrogen, and their interaction affect leaf hydraulic traits of apple (Malus domestica
Borkh.) remain unclear. In this study, Three-year-old 'Danxia' apple seedlings were subjected to a two-factor experiment with
water and fertilizer manipulation to analyze the effects of drought, nitrogen application, and their interaction on leaf anatomical and
hydraulic characteristics. The results showed that under well-watered conditions, the vessel diameter, vessel wall thickness, and
vessel vulnerability index in leaf veins were significantly higher under medium and high nitrogen treatments than under low
nitrogen treatment, whereas the vessel anti-collapse index was significantly lower under medium and high nitrogen than under low
nitrogen. Under drought conditions, the vessel diameter, vessel wall thickness, vein-specific hydraulic conductivity, and
vulnerability index were significantly lower under medium and high nitrogen than under low nitrogen, while the vessel anti-
collapse index was significantly higher under medium and high nitrogen than under low nitrogen. These results indicate that the
effects of nitrogen application on leaf hydraulic architecture and drought resistance of apple depend on water availability. Under
well-watered conditions, nitrogen supply enhances leaf water transport efficiency and morphological water retention capacity. In
contrast, under drought conditions, nitrogen application favors hydraulic safety but reduces morphological water retention capacity.
Therefore, in apple nutrient management, nitrogen application should be controlled under drought stress to avoid reducing leaf
drought resistance.

Keywords: water stress; nitrogen addition; Malus domestica; drought resistance; xylem anatomy; hydraulic trait
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it EUNE 7T LS 5l A MR 9 0 & 4 A 2 A
PEFRAA | P R BT R BT RGE (BRI, 2018; Lawlor,
2002) , K1 56 T it 00T A P BT 1 5 AT A7 AE
W Wb R, R MEAF TR R T
BL3E % 7 (He and Dijkstra, 2014) ; 1 5 — 26 8 58 W] A
o, it RRE 25 BR3P A O U, T g
T AE T 538 T 09 e 55 7 (Guo et al., 2023) . TE4
BRAUEA AL IR A SR, T R B R
J i A2 H OB IR (Chen et al., 2025), 0 H #7X4F +
55 it A0 28 AR XA P 5% w4 kR IR,
T2y T 5 K 2= M B R it ZUIE (Gessler et
al., 2017) .

K3 R R A AR R TR RN 3 R A
CaNE S TR & NP AR R O NERE S A RS S )
(Torres-Ruiz et al., 2024) . # AR 7K J7 ¢ M = 2 AL F5 K
Or R MK Sy Z WAy, A SRR
MK T BB DIAEOC . Horp, B8 AR A S48 5
Je R TE M AR K O i S 280 19 A 32 2 PR (Gleason
etal., 2016); 48 1Y /K Jy 22 4 P | 52 S5 A8 BE JRE J3E % 20
LA B AL R AR 48 2 4> X & 5% i (Hacke et al.,
2004; Kaack et al., 2021) . 3 % Malus domestica Borkh.
YK g 4 K 2 B I 3 A B B 0 N, TR TR E
K B = B AR S, R S-S A RE O T 4 )R
PR SR PR ZERE T W, S AR T
AEAL, LAHERE AR OK 71 % 4> (Wang et al., 2024) . 7E3L
fb SR, GnZY Pyrus bretschneideri Rehder., M4 Citrus
reticulata Blanco. 55 , 7K J7 P& AR X 7K 43 Jip 30 3R 4 2%
L1 ) VR 45 SR W, S T SRR K T 25 R Y DR S R 5 T
¥H 14 (Hernandez-Santana et al., 2025) . B A WF 32 F£ W,
TSI AT BN 2R OK R A AR, 7E T AR i K O
TR (Ye et al,, 2022), {H [A] i B AR T B0 4% %€ fiE
(Levionnois et al., 2022) . H #if, ¢ T it & X 7K 7
45 ¥4 5 ) 19 9F 52 45 R A BR (Scoffoni et al., 2014), 15
55t 8 18 5 ELAE T AR 9 45 B R K T 5 A f8 AL A
AR R, BT K T S5 R B R SRR S
K Ty BE X b 5 T 50 0, A BT 4 T R AT 5
il 2 S HE S8 EL A OGS R A B4 5 T

SRR R L Oy b DR A T AR R R 7 R
B 2R R P 9 25, 2016) , RUNE /Y A B JH J2 02 2 A
ARAER T B R A A0 A B I 2 — (T
SRAE, 2023) o AWEFE DL B A I X RE R  RD

‘F}EE’ Malus domestica “Danxia’ NHFFEXT 4, i
o B2 E AN R K 53 5 A i R U R b IR, RS
I3 BT IR 53R 0 55 G 600 77 2R I e ) 245 4 K )

PRSI, WA T 55 06 K S R 22 A
PR A, 5 TR B T 5 R S EL A
X 3 SR AR K ) R B 52 o R HG S fige ) 45 A T 8
(9 38, D3R PE K 755 503 AU PR (I B SO H

1 MRS D5k

1.1 iIG i

TG A7 T Ll PG Al R 2 SRR A 5 BT (LS A
T R4 X, 112°50'03"E, 37°34'40"N) , 1% 845 m,
ARSI R 8~10 °C, A4 K BHER ST A2 5 100 MI-m °,
1.2 K H R

IR 3 4E4E PR SRR, R A\
16 % Malus * robusta (CarriSre) Rehder. T A A4 K fdH:,
PR IR (I3 0 EJ5 1em Ab) B—, 4358 (101.5+
12.3)cm M1 (16.03 + 1.82) mm, T 2022 4E 4 ] E M T 1
&35 cm, 40 cm PSR AE AN o 345 I BT A M
el 0 R RS BERE=2 3 01 L L
TRAE &, HELPE W R ALK 44.50 gkg ' 2 A
0.54 g-kg ' AR 45.10 mg-kg . A 485.00 mg-kg ',
pH {8 7.85.
1.3 iRmigit

T 2023 4F 4 7, BEHL 36 BRK H LA — B iR,
Y59 HE ) T 37 W3 3k RR R N . SR FI AU 3R 58 4 Bl AL
B 1, B 2 FhoK 430 B TE R AR K (4 AR
KA 25%~30%) AT 5 i (SRR K 4 10%~
15%); 3 s KL B AR A (KRR 0 g /bR ) . h A
(JRZR 20 g/tk) FlE A (R R 60 g/fk ) (XI55, 2013),
36 A ab A A (IRAHIE F K & +E# K &
RAAEF A REA+T R P E+T B mA+T 5
RIS 6 K, IRE T 4—6 AW 3 IRE=EA .
14 $EHRNE
141 vt i 3 & A 2

2023 4 8 H, AR Bl AL R A 6 F it e 1% 1] [ T
B R, B b R A B K B 4, S RBK
Qo1 Mk HEAN h o BTk
i IR H MR- 2, % - 20 15 R A W (Formalin-Aceto-Alcohol,
FAA) [# 5 W b 3 /5 09 i R 28 6 FE RS K . & B
RS, M AT U R L RS, R 1% TR 4L
WIS 1% BT /R 37 5 dE AT SR Y 6, B Jm 2 K 9t 3
F o {3 38 B AL (Leica RM2245, Leica Biosystems,
Wetzlar, Germany ) Y] J, %5/~ &b A B3 5 2 I 4E 6 4~
Pl e B & v Jok AR B ¥4 1 Xk, 1 Ol 2% i A
% (Zeiss Axio Imager Al, Carl Zeiss Inc., Oberkochen,
Germany) 7& 100x A1 400x F WLEE I 471 & . i F A 56 1§
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KRB A 55 S SR i 5 2 4 KoK T R R 77

Tl % US43 B & 4t (MShot Image Analysis System )
Wit i B B AR, SRR
Mg A A SR M A SUR B A A 2 5 AR A
U E . B R R R BRI R R R R AR . S,
I ok A Joe ¥4 5 A R IR I, ) BB 200 T K BT R 4
X, W A RE N ERME R R RS
5 P N AR LR, BT A R R BR O A
HEMB A N E—H A, 8% AR g%
A Pt IR AR JoiE 8 A7 TET R PN S A ) e R G T TR
AT b (H AR L BEJRFE ) W ) 3 B8R D
T200 7, HEEE . ARG . ALUR RN
FMWMEALT 6MHEA, FEHERE. FEBEMT
FHA G i EARX W

D= +J4A/n (1)
FEEE = FE R AT AR (2)
S48 B
(=qTap Al %) = 100 (3
FEMMEE (%) tﬁﬁﬁﬁﬂt)ﬁ%ﬁﬁ%ﬂx (3)

K DRy T8 HAR (um) s 4 8 T & 0 A4 S8 1
Aok 1) 1o 1 AR
142 FHFRE 58P R I8 ORI 5E 48 A
K F (K, f# | Hagen-Poiseuille 73 3 ( Tyree and
Ewers, 1991) 11 %5:
%:;%m] (4)
A K, 5 K% (kgm s -MPa ') ; p K 7E 20 °C
I 114 %5 B2 (998.205 kgrm )5 i A K 7E 20 °C IR () K i
FEL, BUH 1.002x10°° MPa-s; 7y, A A A i 4~ 54
WK I3 485 n R (n=200) . HodK 124
(Fraee) 380 320 55 TET AR (B K AR A, g 30 R0 F5C [) A S5 38
7 P A AR T T FRORE A Y (B Y o AR 1 A (Davis et
al., 1999) ,
Sk (Ko) it AR
Ks = Kip/Axy (5)
A K WS KR (kgm s -MPa ') ; 4, o H ik
I THT L i A B 3 ] 2 &1 G o TR 21 €2 174 R Joit 348 2 41
BB (mm?) .
58 1 15 B 45 £ (resistance to collapse index, RCI)
THEARX T
RCI = (1/b)’ (6)
K ¢ O T 48 AORE B )R BE (um) 5 b A AHAR AL K 3 8
B EH A% (pm) .
AR BT XoF e 2 (RIS 8 rp O 180/ T BEL BT 7K
i) W HCBT AR 77, AT W 55 1 48 X (vulnerability index,

V1) ffif & ( Carlquist, 1977), 318 23 3 (Tyree et al., 1994)
.
VI = dyym/Dy (7)

Kb d, W BE K HER (um); DK 38 % JE
(nmm™) . M55 dEHE BRI FACEB s, (A EATE T
2 W T B K 7% 4 PR PEAY (Scoffoni et al., 2014) .
1.5 #iELIE

{di 1] SPSS 26.0 #E47 #4ls G2 i1 73 #7 , {81 H] One-way
ANOVA 53§ W 52 48 b5 09 22 5 W F vk, IF XS #
(Duncan) /% 3 17 2 & L, B EMWKTFREN o=
0.05, FIF XU &R J5 22 430 B, HL K 43 254 | it A =
N HEAZ HAE R 3 SR - R fige 350 25 7 K 07 R 0 5
W ; 5 F Sigmaplot 14.0 /E & .

2 RS0

21 FTESHEXMERMHABHNEHRNEE

PR K ST, B it R A RS, i ik S
EHR. FERE. REmA N L, SEREEE . M
PSR MG GUR R | SRR R
PR mka e, BRS8N R KRS, M A
A A B I 46 bR 2 W s TR AL HE(P<
0.05) ; 1 AL BH i) S A RE JEL B | WA 2H SR E | T4
YRR MRS S A AL U R R R
MR R B E TR A (P<0.05) . fETRAMN
ToHEER AR, REHR. SEREE . b
RIGRFE | TRGEESHETREH, @& A /b
i SEERE, FERE. REREE . A LUR
BE UG US| N R R i R IR
TARAALH (P<0.05) . HIEH MK LE, T5 8 F
BT k) S 45 % (P<0.05), BE LT AN
it Ak B A A AR T R L R R R
(P<0.05) . W& 1,

5 A B R i ) 45 AL BT A R R Y S R 2 3k
F| i FPEK T (P<0.05) 5 RS 8 HTFR (5 LE (P=0.181) .
TR LR (P=0.056) . MR 20 21 5 1 4 41 200 LU (8
(P=0.344) . M Jik Lt 57K 2R (P=0.951) 4b, Jiti % Ab #1 %F
LA AR bR 0 5% X Gk B B R OK O bR S
(P=0.088) 4, F 2 5 i & 1 3¢ TAE F % A 48 b 11
S 43K ) 1 3 P KOF (P<0.05) o PEILEE 2.
22 FRESHEAMERMFKAHFENE M

5 5 it 0 3 SR K R A R i 45 SR
FLLF R o IR HEK ST, UAd B i ik Rk
SR e TR A AL B, (TG 8 35 22 5 o ORI R AL B
B i Jok - 4 B M B 0 S AR TR AU B (P << 0.05),



78 WOk B % 93 %
F1 FEEREMNZOERXMNERNFRESHEHIZIE
Tab.1 Effects of interaction between drought and nitrogen application on leaf anatomical structure of apple
IEH +HE A IEH A IEH -+ A TR+HEA TR+ A TR+ A
EERY Well-watered+ Well-watered+ Well-watered+ Water-stressed+ Water-stressed+ Water-stressed+
Index No nitrogen Medium nitrogen High nitrogen No nitrogen Medium nitrogen High nitrogen
addition addition addition addition addition addition
T8 HAR/um 15.6243.69 b 17.27+2.89 a 17.57+3.98 a 1321251 ¢ 11.81£2.78 d 10.01=1.72 ¢

Vessel diameter
S % /(n'mm”)
Vessel density

3136.14+£224.62¢c 3 570.37+235.68 ¢

S AR /% 54.44£3.19 b 58.68+5.45 a
Vessel area proportion
54 BE JEL B /um 1.68+0.50 ¢ 1.78£0.28 b
Vessel wall thickness
MR 21 2R B /um 84.45+15.02 ¢ 88.57+14.02 b
Palisade tissue thickness
T 25 21 V)R JE /um 99.68+17.25 ¢ 107.49+15.84 b
Sponge tissue thickness
AR 4L 4RI 4 4L 4L L 0.87£0.23 b 0.85+0.20 be
Ratio of fence tissue to sponge tissue

I 2 J )R B /um 11.81+2.17 a 10.98+2.08 be
Upper epidermal thickness
T 3% K JE B jum 9.56=1.44 b 9.83+1.68 ab

Lower epidermal thickness

A JBE B /um
Blade thickness

205.5+23.87 d 216.88+19.68 ¢

3591.86+214.54 ¢ 5149.04+693.71b 6015.44+546.75a 6401.53£391.69 a

58.99+5.53 a 49.37+£3.58 ¢ 47.89+£3.53 ¢ 48.15+3.83 ¢
2.12+0.49 a 1.55+0.21d 1.48+0.10 e 1.45+0.18 ¢
103.58+21.87 a 89.95£11.35b 71.65+8.06 d 73.55£21.06 d
115.17+20.60 a 112.54+12.52 a 90.35+11.47d 104.82429.06 b
0.92+0.22 a 0.81£0.13 ¢ 0.81£0.15¢ 0.72+0.16 d
12.14+2.13 a 11.34+1.78 b 11.14+1.52 be 10.79+1.65 ¢
9.91+1.84a 9.75+1.24 ab 9.21+1.21¢ 8.84+1.21d
240.8+35.42 a 223.59+£18.21b 182.36+12.68 198.01+47.39 ¢

T AT AN E/NG T8 3R 7R [ — 5 bR 76 A [5] 4k B8] 22 % o % (P<<0.05) .

Notes: Different lowercase letters in the same trade indicated significance difference of the same index among different treatments( P<< 0.05) .

®2 TEEHREREZEERMERMNFEREHTIKAEERNZE

Tab.2 Results of two-way ANOVA on the effects of drought stress, nitrogen addition, and their interaction
on leaf cross-sections and hydraulic traits of apple

P P
e . . SR e X s SR+
b FROOREM b FROOREm
Index Water-  Nitrogen - Index Water-  Nitrogen s
... Water-stressed* . Water-stressedx
stressed  addition . . stressed  addition . .
nitrogen addition nitrogen addition
SFEHR 0.000%%* 0.004%** 0.000%%** 3R B R 0.000%** 0.001** 0.000%**
Vessel diameter Upper epidermal thickness
S 0.000%** 0.000%**  0.088 TR R 0.000%** 0.056 0.000%+*
Vessel density Lower epidermal thickness
ST RS L 0.000%** 0.181 0.003** e JE 0.000%** 0.000%** 0.000%**
Vessel area proportion Blade thickness
545 R JEL B 0.000%** 0.000%** 0.000%** ik b S KR 0.000*** 0.951 0.001**
Vessel wall thickness Leaf vein specific hydraulic conductivity
MRS 21 2 JEE iy 0.000%*% 0.000%**  0.000%** W bk S 4 LA I AR A 0.000%** 0.019** 0.000%**
Palisade tissue thickness Leaf vein resistance to collapse index
T 28 41 21 J5L B 0.000*** (0.000%** 0.000*** I ik S 45 G 55 1 8 8K 0.000%** 0.001%* 0.000%**
Sponge tissue thickness Leaf vein vulnerability index
W HZURIE R AH LR LU 0.000%%* 0.344 0.000%**

Ratio of fence tissue to sponge tissue

ek P<0.001, ** P<<0.01, * P<0.05,
Notes: *** P<<0.001, ** P<0.01, * P<<0.05.

rP U R A B ) 25 SO S it R A G
I Jok 4 M 55 M S 5 1 0 B, e U B Y R ik
S M s PR AR 3 TIRAUL L (P<0.05) .
TR, AU & A A 3 ik Sk
R FEMR TR AL B (P<0.05) . B & i %05 14 m,
bk A BT B e AR TR g T e kR A i S

PRI R TR . TRAMT, ik 4 I b
5 BRI K S A7 I 559 1 5 RO A TR e e A B ) 2

B#FH(P<0.05),

AT, 500 K S K R TG R 25 R

{H v 00 v AL B, i ORE K R I 3 R AR (P<
0.05) . % KFT, T 5 BFFEM T 0TIk T8 T
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g
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—
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C
b oab T
% s50f a
5 2 N,
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E1 FESEERIFERMHFKDFENZIE
Fig.1 Effects of drought and nitrogen application on leaf
hydraulic traits of apple
TE: AL T 550 RO SR K LSk R B 5205 B, T 52 550 20 SRk
FEDURETEERRN; C. T 25500 R bk A I s MR o
AR ING FEERR Rl — R AR ]t A AL PRI 22 53 18 25 (P<<0.05) .
Notes: A. Effects of drought and nitrogen application on vein-specific
hydraulic conductivity of apple leaves; B. Effects of drought and nitrogen
application on the collapse resistance index of apple leaf veins; C. Effects of
drought and nitrogen application on the vessel vulnerability index of apple leaf
veins. Different small letters indicated significance difference of the same

index among different nitrogen application treatments(P<0.05).

BT E(P<0.05); mAKFET, TR EFRI T
Jik 5 45 09 BT B B 4R BL(P<0.05) . 3R AIZEIKFT,
TR SRR AR T RS A M s R R

Ak B OGS I K LS oK R K S A A B B AR
W, Tk A G 8 R A R0 5 R 2 B 8 2E MK F

(P<<0.05) 5 Jii 0 &b FH 0T Ik 5 467 470 B9 B 98 & i ik
S A I 25 1 A R0 5 o 2 38 ) 835 UK F (P< 0.05)
(£2),

3 i

3 TEEHAMERMHAEBHEMMAKSBSH
1 55

E A7 B 58X B R TR 2 il 0 45 4 AT e A R W,
A & B LR Z 8 T 2 AT (Farooq et al., 2023) .
TET 20T, AR BT iy 5 48 01 A8 OFF 8 &2 5%,
2021), W FEAR T 7K 73 % 5 2 32 (Arend et al., 2011);
it AR R BT S A EAR RGN, A AT T K A
% e J1 (Cernusak et al., 2009) . iX 7] & 55 Jifi &0 F1 1 5
S A 5T 41 M B Yk A= 4 M RE Y O B A 56 (Fromm,
2010) , H =35 B e [6) V5 AR 5T 3 5 487 19 52 i) v A
W11 (Gessler et al., 2017) . ABF5E 45 R F W], IEH it
K AR, Bl e 0 B, oK A B R K, it
Jok B K 3 S 8R4 s BT B AR b A R
T Ho kR BN, SE BRI, EIER
BEK ST, il A TR PR Sk R, TR
FUFT A H L KR, CAMREY, ET R
T, Y R EHEEN I, —EBE ke TS
B DD 1 B 52 A (Lens et al., 2013; 5K & 5% 5,
2023) o AWFFESE R R W, it ZOM T 548 T e ik
SEBE, HESKENRNEFEEHRNRRE
REY)l . IEEAOK N, 8 BRI R, SKACE
T, A A T RBOCE B 52T T AR 1K o
AEJ7; M T2 T A, 5% BARw/N, A F T8 54
ROk g2 A AR BRI T K 43407 o 4, 3k AT g2 T 5
T it 2 A AR R A K ) K T HL .

AT S5 KR W, A6 IEH BEKF R, i ROR BT
FRAY A ARG R B, M AR L 22 A
KT A FAMLE IR (L MREE, 2019; PEFE BT A5, 20205
KR 554, 2023) o 3X B O O R K S5 4 T i
£ e o8 7 NI RS = 5 B U NN N A v I NP N
T, A S B AT, S AR T AR A
T 7.79% 1 8.36%. /K4y 3¢ I, 82 A R E IF
AT REAR 2 i Bk A AR KOO IS n  E BE, fE
B ER A3 001G R R R ek A S S G A AN, a9 R 4
M. &F 4 40 i (Renstrom et al., 2024) . i &5 S8 H
(8 NN )% D) | NS TITE 752 A NI i 1 7 T e
77, 3% AT BE A il AR HEAE Y b A A K R
Rl AH 3K — 55 SR AT 5 5 22 Rf ol o0 ARE 4 H Al 35 457 1) 3K
55 B HiE
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K OE 3%

32 TESHEAXMNFERMBAKRBRAKNZE MR

TR S BT E B AR, AR K S
SRR, (H [ B AT R B R T A ARk TE 1 KU
A F T W AR Y H77K T % 4> (Choat et al., 2012) . A HF
FEH, TR HE AR AR A, S A M s A A
B, XA F TR A B 4E R koK ) &5
Hey, T 52 W W 1) 7K 23R B0 A AL 3 B (Scoffoni et
al., 2017); M 7E T 55T, B i & & /35 m, ot
ok S A B0 555 P AR R AR, 2 BT I K 4 UK ) 5 A AR
SE VY S R A KT I A 20 R AR B AR E 1Y
K435 B ( Scoffoni et al., 2023) .

T BE RS W R OK T A, R R S RE
A R T 457K 71 % 4> (Hacke et al., 2001) . ASHF 5T,
IEFHER AN, Bl A i A A3, o ik 4 R IS
JEE B, B[] i S A ARG O, T LR AE ] B
AR 355 P 4 KR A

C A W5 R W], B AR B &R ke 28 4, i ik 4
BRI EEN R T
BT, MR K SRR, AU S AR UR T
B B, E 7 4 4 AR AR K 29 F 5 (Cochard et al., 20045
Zhang et al., 2023) . ASBIF 5T 45 2R WoR, 78 W K &%
RN, W 0, K A A B R T e T R
SAETR M A RN, bk HAA R A BT A e
J1o X ATRESR T T R A R A, A RE R R
K, S48 AR/ . T8 B 98/ X 470 5 B 4
52 e BE R, S BOCRAE PUIR B BE ) ORI T T R
S o ik 4k 37 S 7K T BE (Jacobsen et al., 2005) ,
33 FERESEEMNERMH AR RKE NI

W3 (8 7K ) 45K 53 S 5 T o3 AT A AR 1 4
ML 3, K Ty 2 A Pk 32 0E Ok S A RRAE (AN 4 BE TR
JERUE AR ) S Pkt JE R 1, B SRk 5 0 7 5
AL EEM ARG . E AN, v B R 5 I, JoH
S 3R B2 FVBIE S 20 2R BT A B hn 2 42 T i i fRok
A& 71, A R F o R (P EE A, 2023; AR KA,
2025) ARG R BN, EWBKFMTHREAE,
MR B A 2R AR A SR T R R
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